SUMMARY The pattern of cardiac /3-adrenergic receptor changes in different hypertrophy models varies according to the pathophysiology. In salt-sensitive Dahl rats, high dietary salt intake leads to a moderate degree of cardiac hypertrophy associated with increased numbers of cardiac /3-adrenergic receptors but unchanged affinity for agonists. Isoproterenol-stimulated cardiac adenylate cyclase is also higher in salt-loaded hypertensive rats without any change in basal or NaF-stimulated activities. In contrast, neither /3-adrenergic receptors nor adenylate cyclase activities are affected by variations in dietary salt in salt-resistant Dahl rats. The extent of isoproterenol-induced down regulation of /3-adrenergic receptors on isolated cardiac myocytes as well as the recovery from this down regulation is not significantly different in either strain of Dahl rats and is not influenced by dietary salt. The enhancement of /3-adrenergic pathways in salt-dependent genetic hypertension may be involved both in the initiation of cardiac hypertrophy and the preservation of contractile function. (Hypertension 7: 760-766, 1985) KEY WORDS • adenylate cyclase • desensitization • hypertrophy • isoproterenol C ONSIDERABLE evidence suggests that /3-adrenergic mechanisms play a major role in the regulation of cardiac function. It is well known, for example, that /3-agonists modulate the amount of activator Ca 2+ entering the cardiac cell following depolarization by opening sarcolemmal calcium channels.
C ONSIDERABLE evidence suggests that /3-adrenergic mechanisms play a major role in the regulation of cardiac function. It is well known, for example, that /3-agonists modulate the amount of activator Ca 2+ entering the cardiac cell following depolarization by opening sarcolemmal calcium channels. 1 In addition, calcium transport by the sarcoplasmic reticulum-mediated relaxation of cardiac myocytes is also under /3-adrenergic control. 2 It is not surprising, therefore, that considerable attention has been focused on the relation between /3-agonist and /3-adrenergic receptor interactions and cardiac function in hypertrophy and failure. Indeed, several reports indicate that the inotropic responsiveness to catecholamines is diminished in the hypertrophied myocardium. 3 4 The molecular basis for this decline is incompletely understood, however.
We have previously described a decline in the number of cardiac /3-adrenergic receptors in spontaneously hypertensive rats of the Aoki-Okamoto strain. 3 Subse-
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receptors, DS and DR were randomized on the 0.6% or 8.0% NaCl diet at 5 weeks of age and animals (8 in each diet and strain subgroup) killed 6 weeks later. For cardiac /3-adrenergic receptor assays, the medium contained 25 mM Tris-hydrochloride (pH 7.5), 5 mM MgCl 2 , 1 to 10 nM [ 3 H]dihydroalprenolol (specific activity, 51.5 Ci/mmol; New England Nuclear, Boston, MA, USA) and 50 to 100 fig of membrane protein in a total volume of 0.2 ml. Incubation was performed at 37 °C for 15 minutes and was terminated by filtration through Whatman GF/C filters (Whatman, Inc., Clifton, NJ, USA). 5 Nonspecific binding was determined in the presence of 1 /i.M propranolol and averaged 15 to 25% of the total. The number of binding sites and affinity for agonists were calculated from Scatchard plots of the binding data. 9 Protein was determined by the method of Lowry et al. 10 For adenylate cyclase assays, the medium contained 25 mM Tris-hydrochloride (pH 7.5), 5 mM MgCl 2 , 1 mM ethyleneglycol-bis(/3-aminoethyl elher)-Nfltetraacetic acid, 1 mM ethylenediaminetetraacetic acid, 10 mM theophylline, 5 mM phosphoenolpyruvate, 10 /xg/ml pyruvate kinase, 0.5 mM [a-
32 P] ATP (specific activity, 33 Ci/mmol; New England Nuclear) and 20 to 30 \i% of protein in a total volume of 0.1 ml. When appropriate, NaF (8 mM) or isoproterenol (0.1 mM) was added. The reaction was carried out at 37 °C for 15 minutes, and the amount of cyclic AMP formed was determined by the method of Salomon et al."
Cycling of the cardiac /3-adrenergic receptors in response to isoproterenol was studied using isolated cardiac myocytes. Myocytes were prepared by enzymatic dissociation using a procedure previously described. 12 Briefly, rat ventricles were finely minced and washed free of blood with cold (4 °C) dissociation buffer containing (in grams per liter) NaCl, 6.8; KG, 0.4; NaH 2 PO 4 , 0.06; Na 2 HPO 4 , 0.21; and glucose, 0.9. Tissues were then incubated in 5 ml of buffer with 0.05 mg/ml of collagenase (type II, Sigma Chemical Co., St. Louis, MO, USA) and 0.02 mg/ml of hyaluronidase (type IV, Sigma) at 37 °C for 15 minutes in a shaking water bath. The first dissociation gave mostly erythrocytes and fragmented cells and was discarded. The next three dissociations were combined, and myocytes were pelleted at 60 g for 10 minutes. They were washed once with excess buffer before their use. This procedure yielded mostly rod-shaped myocytes that were viable for at least 3 hours after isolation, as evidenced by exclusion of trypan blue and generated cyclic AMP in response to isoproterenol.
Cardiac /3-adrenergic receptors on myocytes were routinely identified using the hydrophilic ligand ( ± ) CGP-12177 (4-(3-tertiary butylamino-2-hydroxypropoxy)-benzimidazol-2-on hydrochloride), which labels specifically cell-surface bound receptors. 13 [
3 H]CGP-12I77 is preferable to lipophilic ligands (e.g., dihydroalprenolol), which penetrate the membrane lipid bilayer and may underestimate the extent of /3-agonist-induced receptor internalization. 13 Myocyte suspensions in 0.25 M sucrose, 50 mM Tris-hydrochloride (pH 7.4), 10 mM MgCl 2 containing 0.3 to 0.6 mg of protein were incubated with varying concentrations (0.25-17 nM) of [ 3 H]CGP-12177 (specific activity, 42.7 Ci/mmol; Amersham/Searle, Arlington Heights, IL, USA) in a total volume of 0.5 ml. At the end of the incubation, a tenfold excess of ice-cold trisMgCl 2 buffer was added to each tube and the samples were filtered through Whatman GF/C filters. The filters were washed three times with 5 ml of ice-cold buffer and were counted in 10 ml of Aquasol-2 (New England Nuclear). Nonspecific binding was that detected in the presence of 1 /xM propranolol and, in the presence of 6nM To study isoproterenol-induced down regulation of cardiac /3-adrenergic receptors, suspensions of myocytes in 0.25 M sucrose, 50 mM Tris-hydrochloride (pH 7.4), 10 mM MgCl 2 were first incubated at 37 °C for 2 to 20 minutes in the presence of (-)-isoproterenol(10-8 -10-5 M)inatotalvolumeof0.5ml. l 4 "At the end of incubation, the test tubes were transferred to an ice-water bath, a tenfold excess of cold buffer was added to each tube, and the cells were washed extensively by centrifuging at 1000 g for 10 minutes at 4 °C. To the washed resuspended cells, 6 nM [
3 H]CGP-12177 was added, and the incubation was continued at 4 °C for 16 hours before filtering as described above. Determination of /3-adrenergic receptors was carried out in the cold to prevent /3-adrenergic receptor recovery, which at 37 °C, would lead to underestimation of the extent of /3-adrenergic receptor down regulation. Using this approach, 1 /i,M (-)-isoproterenol leads to a 40 to 50% decline in [ 3 H]CGP-12177 binding sites, which is due to a reduction in /3-adrenergic receptor numbers without a change in their affinities."
For studies of /3-adrenergic receptor reappearance following isoproterenol-induced down regulation," myocytes were first incubated with or without 1 juM ( -)-isoproterenol at 37 °C for 20 minutes, the incubation was terminated with the addition of excess cold buffer, and the cells were washed twice by centrifuging at 1000 g for 10 minutes. Control and desensitized, washed myocytes were resuspended in 0.25 M sucrose, 50 mM Tris-hydrochloride (pH 7.4), 10 mM MgCl 2 ; 6 nM [ 3 H]CGP-12177 was added, and the rubes were transferred for incubation either to an icewater bath at 4 °C for 16 hours or to a 37 °C shaking water bath for 2 to 20 minutes to study the reappearance of the /3-adrenergic receptors. At the end of each incubation period, the appropriate rubes were transferred to an ice-water bath and incubation was continued for 16 hours at 4 °C before /3-adrenergic receptor determination, as described above.
The results are expressed as means ± SE and were analyzed statistically with the Student's t test. A p value less than 0.05 was considered significant.
Results
As expected, short-term administration of high salt diet significantly increased the blood pressure of DS (from 134 ± 5 mm Hg on 0.6% NaCl to 162 ± 6 mm Hg on 8.0% NAG; p < 0.01) but not of DR (from 113 ± 3 to 118 ± 3 mm Hg). A mild degree of cardiac hypertrophy developed in DS fed 8.0% NaCl as evidenced by an increase in heart to body weight ratios from 2.03 ± 0.04 mg/g to 2.25 ± 0.04 mg/g (p < 0.01) and heart weight from 0.45 ± 0.01 g to 0.49 ± 0.01 g (p < 0.01). There was, however, no correlation between the level of systolic blood pressure and heart to body weight ratio in any of the experimental groups. Significant differences between the two strains were noted in the response of the cardiac /3-adrenergic receptor-adenylate cyclase system to the high salt intake. As shown in Figure 1 , the number of the /3-adrenergic receptors detected on cardiac membranes was similar in DR and DS fed 0.6% NaCl but increased in DS fed 8.0% NaCl while it remained unchanged in DR. This increase in adrenergic receptor numbers was not accompanied by any change in their affinities. which were unaffected by strain or diet ( Figure 2 ). The substantial increase in the number of cardiac /3-adrenergic receptors in DS given a high salt diet is not a direct consequence of adrenergic receptor modification by NaCl because addition of NaCl to the assay medium failed to alter the number of cardiac /3-adrenergic receptors assayable with ['H]dihydroalprenolol (data not shown). The changes in cardiac adenylate cyclase activities are shown in Figure 3 . In DR, there was no significant influence of diet on basal. NaF-stimulated, or isoproterenol-stimulated activities. In contrast, isoproterenol-stimulated adenylate cyclase was significantly higher in DS fed 8.0% NaCl (p < 0.05. compared with 0.6% NaCl) while basal and NaF-stimulated activities were unaffected. The concentration dependence of adenylate cyclase stimulation by isoproterenol is shown in Figure 4 . The percent stimulation over basal activity was not altered by diet in DR over a wide range of isoproterenol concentrations in contrast to the significant increase seen for DS fed 8.0% NaCl (p < 0.01).
The possibility that isoproterenol-induced down regulation is affected by salt intake in Dahl rats was then examined using isolated cardiac myocytes. As shown in Figure 5 , after in vitro incubation of cardiac myocytes with I /uM (-)-isoproterenol, there was a rapid "loss" of /3-adrenergic receptors detectable with |-'HlCGP-l2l77, which labels only surface-bound receptors. As expected, this apparent loss was dependent on the concentration of isoproterenol ( 
Incubations were carried out at 37 °C for 20 minutes with the indicated concentrations of (-)-isoproterenol, and the myocytes were washed with excess buffer before the fi-adrenergic receptor assay using 6 nM [ J H]CGP-I2177 as described in the text. Results are expressed as percent of controls (incubated in the absence of isoproterenol).
tors is shown by the experiment in Figure 7 . After preincubation with I /zM ( -)-isoproterenol, cells were washed with excess buffer to remove the agonist and reincubated at 37 °C in the presence of 6 nM 
FIGURE 7. Time course of fi-adrenergic receptor reappearance following (-)-isoproterenol-induced down regulation. Cardiac myocytes from DS and DR were incubated with 1 fiM (-)-isoproterenol for 15 minutes at 37 °C. They were then washed and resuspended in sucrose, Tris-hydrochloride, Mg 2 * buffer; incubation at 37 °C was carried out in the presence of 6 nM 1 3 H]CGP-12177 for 2 to 20 minutes as described in the text. Results are expressed as percent recovery (binding over that of myocytes exposed to (-)-isoproterenol but not reincubated at 37 °C).
[ 3 H1CGP-12177. As indicated in Figure 7 , there was rapid reappearance of the /3-adrenergic receptors. In previous experiments with Sprague-Dawley rats, we have shown that the apparent loss of surface-bound cardiac /3-adrenergic receptors is related to their translocation to the cytosol. 14 " Reappearance of the /3-adrenergic receptors on the cell surface depends on recycling from the cytosol, a process that uses energy and involves the lysosomes, microtubules, and Golgi apparatus." The effects of salt on adrenergic receptor cycling from the cell surface to the cytosol and back are shown in Figures 8 and 9 . A substantial increase in the number of /3-adrenergic receptors detectable with PH1CGP-12177 on cardiac myocytes from DS fed 8.0% NaCl was again noted, which is in agreement with data using membranes and pHldihydroalprenolol as the ligand.
Isoproterenol induced a decline in the number of binding sites to 53 ± 6% of controls (without isoproterenol) in rats fed 0.6% NaCl and 52 ± 8% in those fed 8.0% NaCl. After incubating isoproterenol-treated, washed myocytes at 37 C C, 91 ± 5% of the /3-adrenergic receptors reappeared in DS fed 0.6% NaCl compared with 87 ± 7% for the 8.0% NaCl group. Corresponding data for the DR are given in Figure 9 . Again in agreement with the results obtained with pH]dihydroalprenolol and isolated membranes, a high salt diet did not change the number of /3-adrenergic receptors detectable on cardiac myocytes from DR. Similarly, the extent of isoproterenol-induced decline of /3-adrenergic receptors (50 ± 7% of controls in DR fed 0.6% NaCl compared with 47 ± 6% in the 8.0% NaCl group) and their reappearance after removal of the agonist (86 ± 8% of controls in the 0.6% NaCl vs VOL 7 85 ± 7% in the 8.0% NaCI group) were not significantly different in the two diet groups.
To study the effect of more prolonged salt intake on cardiac /3-adrenergic receptors, groups of DS and DR were randomized to a high (8.0%) or regular (0.6%) NaCI diet at 5 weeks of age and were killed 6 weeks later; eight animals were included in each diet and strain group. At the end of the study period, blood pressure had increased (to 189 ± 6 mm Hg) in the DS on 8.0% NaCI alone. Similarly, heart weights (1.10 ± 0.04 g on 8.0% NaCI vs 0.98 ± 0.02 g on 0.6% NaCI; p< 0.01) and heart to body weight ratios (3.36 ± 0.12 mg/g vs 2.5 ± 0.07 mg/g respectively; p < 0.001) were higher in the high salt DS while they were unchanged in DR. The number of/3-adrenergic receptors was assayed on isolated cardiac myocytes using [
3 H]CGP-12177, as described in the Methods section.
There was a significant increase in /3-adrenergic receptor numbers in the high salt DS (85.2 ± 6.4 fmol/mg compared with 52.4 ± 5 fmol/mg on 0.6% NaCI;/? < 0.01) with no significant change in the DR (48.2 ± 3 fmol/mg on 8.0% NaCI vs 50.1 ± 3.5 fmol/mg on 0.6% NaCI).
Discussion Short-term administration of a high salt diet to Dahl rats resulted in a rise of systolic blood pressure in the salt-sensitive strain only. Although this rise was associated with a mild degree of cardiac hypertrophy, there was no correlation within the DS between levels of systolic blood pressure and the extent of hypertrophy. Such dissociation between severity of hypertension and cardiac hypertrophy has been observed by others 16 and raises the possibility that other factors besides the functional overload imposed by increased blood pressure contribute to the development of hypertrophy. Since administration of catecholamines is known to induce cardiac hypertrophy 17 and activation of the sympathetic nervous system accompanies the development of several models of cardiac hypertrophy, l8 it has been suggested that adrenergic pathways are involved in the initiation of hypertrophy. In addition, they may contribute to the inotropic support of the hypertrophied myocardium and loss of their effectiveness may lead to deterioration of cardiac pump function.
It has not been established whether adrenergic pathways are altered in the myocardium of Dahl rats. Hemodynamic studies suggest that, despite development of marked hypertrophy, cardiac performance is well preserved in this hypertensive model 19 ; however, inotropic responsiveness to catecholamines has not been examined. Since the molecular basis for the physiological effects of catecholamines on the myocardium involves the interaction of these hormones with specific receptors on the cell surface and subsequent activation of adenylate cyclase, an examination of cardiac /3-adrenergic receptors in Dahl rats is germane. A number of previous studies have indicated that hormone-adrenergic receptor interactions are altered as a result of hypertrophy and failure. In general, both experimental 4 and human 20 congestive heart failure is associated with decreased numbers of cardiac /3-adrenergic receptors and low hormone-sensitive adenylate cyclase activity. In contrast, cardiac hypertrophy results in either high or low numbers of /3-adrenergic receptors depending on its pathogenesis. 5 -68 -"• 2| - 23 In this respect, our demonstration of enhanced numbers of cardiac /3-adrenergic receptors and isoproterenolstimulated adenylate cyclase in salt-loaded DS is of interest because it differs dramatically from the reported decline in the spontaneously hypertensive rat 56 as well as in induced hypertension. 23 This variance is not
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simply due to differences in the severity of hypertension since low numbers of /3-adrenergic receptors (as well as decreased inotropic responsiveness to /3-agonists) is an early event in the spontaneously hypertensive rat. Furthermore, changes in the cardiac /3-adrenergic receptor-adenylate cyclase system of DS occur in the presence of modest degrees of cardiac hypertrophy. The most likely explanation relates to possible differences in the pathophysiology of the hypertensive models.
The direct or indirect role of the high salt intake in mediating changes in the cardiac /3-adrenergic receptor-adenylate cyclase system of Dahl rats should be considered. Such a role most likely is linked to the propensity to develop hypertension in response to dietary salt, since DR do not undergo any cardiac /3-adrenergic receptor changes. However, it is not a direct influence on the /3-adrenergic receptors since NaCl has no effect when added to the receptor assay mixture. A more likely pathogenetic pathway involves the changes in circulating catecholamines induced by variations in dietary salt intake. In humans, a high salt intake has been reported to result in enhanced cardiac /3-responsiveness 24 while sodium depletion by diuretics has the opposite effect. 25 In the spontaneously hypertensive rat, MacPhee et al. 26 have shown that a high salt diet attenuates the age-dependent decline in cardiac /3-adrenergic receptors. The increase in cardiac /3-adrenergic receptors of DS fed 8.0% NaCl may represent up regulation secondary to decreased sympathetic activity mediated through volume expansion. The lack of /3-adrenergic receptor enhancement in DR would represent either hemodynamic adjustments, which minimize volume expansion in the face of salt loading, or failure of the sympathetic activity to decline despite volume expansion. This possibility is still speculative, however, since no major changes in plasma catecholamines have been observed during a high salt intake in either DS or DR. 27 Furthermore, changes in dietary salt intake fail to affect cardiac norepinephrine concentration in either Dahl rat strain. 28 Although an increase in cardiac output occurs in DS or DR in response to a high salt intake, this is transient and cardiac output returns to normal by the second week. 29 The relation between cardiac /3-adrenergic receptors, hemodynamic changes, and sympathetic activity in salt-dependent hypertension remains to be elucidated.
The interaction between plasma catecholamines (as a reflection of sympathetic nervous system activation) and cardiac /3-adrenergic receptors is of considerable functional importance from another standpoint. It is known that occupancy of the /3-adrenergic receptors by agonists leads to desensitization (i.e., loss of functional responsiveness to further agonist administration). 30 This desensitization is characterized by a reversible loss of the /3-adrenergic receptors (down regulation). We have recently examined some of the mechanisms involved in the cycling of the cardiac /3-adrenergic receptors after exposure to isoproterenol.' 5 -3 ' The apparent loss of cell surface-bound /3-adrenergic receptors is related to their translocation to the cytoplasm and requires intact microtubule assembly. Reappearance of ostensibly lost /3-adrenergic receptors is also rapid and energy dependent, and involves the lysosomes, Golgi apparatus, and microtubules. We compared this process in DS and DR, since this shuttling of the /3-adrenergic receptors requires the participation of several organelles that may be altered in hypertrophy. Our results, reported herein, show that the intracellular traffic of the cardiac /3-adrenergic receptors is intact in Dahl rats and is unaffected by diet. This finding is in striking contrast to the situation in the myocardium of spontaneously hypertensive rats, which demonstrates decreased susceptibility to isoproterenol-induced down regulation compared with that in agematched Wistar-Kyoto rats.
14 It is likely, therefore, that /3-adrenergic receptor cycling is differentially affected in various models of hypertrophy. Since, in addition to the slow process of de novo synthesis, 32 maintenance of a normal complement of membranebound /3-adrenergic receptors depends on efficient recycling of internalized receptors, this intracellular traffic should be included in future studies of cardiac /3-adrenergic receptor involvement in hypertrophy and failure.
